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TITLE OF THE INVENTION 
SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURING 
THE SAME 

CROSS-REFERENCE TO RELATED APPLICATIONS 
5 This application is based upon and claims the 

benefit of priority from the prior Japanese Patent 
Applications No. 2002-266759, filed September 12, 2002; 
and No. 2003-318143, filed September 10, 2003, the 
entire contents of both of which are incorporated 
10 herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a structure of 
an element provided with a gate electrode and a source/ 
15 drain region, which are required for miniaturization, 

and a method of manufacturing the same. 

2 . Description of the Related Art 

In recent years, a semiconductor device 
is required for miniaturization more and more. 

20 Particularly a shallower junction is demanded in MISFET 

(Metal Insulated Semiconductor Field Effect Transistor) 
and MOSFET (Metal Oxide Semiconductor Field Effect 
Transistor) . However, there are limits of formation of 
the shallow junction in the conventional method as the 

25 miniaturization is proceeding. The conventional method 

of manufacturing a MISFET will be described below 
referring to FIGS. 21A to 21D. FIGS. 21A to 21D are 
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sectional views of the method of manufacturing a MISFET 
having the conventional structure. 

As shown in FIG . 21A, an element isolation region 
102 is formed in a semiconductor substrate 101 made of 
5 silicon using STI (Shallow Trench Isolation) technology 

or the like. The semiconductor substrate 101 is, e.g. 
an n-type semiconductor. Then, gate formation is 
carried out in such a manner that, e.g. a gate nitride- 
oxide film having a thickness of about 1 nm is formed 

10 as a gate insulating film 103 and a polysilicon film 

104 having the thickness of 100 nm is formed as a gate 
electrode 104. A p-type extension region 105, which is 
the shallow portion of the source/drain region, is 
formed using ion implantation technology. A thermal 

15 process after the ion implantation is carried out to 

the extent to which a crystal broken by the ion 
implantation is recovered. Specifically it is 
sufficient to carry out RTA (Rapid Thermal Annealing) 
at 800°C for several seconds. 

20 As shown in FIG. 21B, using deposition of a 

silicon nitride film, a silicon oxide film, or the like 
and etching, a gate side-wall insulator 106 is formed 
on a side face of the gate electrode 104, and a contact 
junction region 107 which is a deep junction portion of 

25 the source/drain is formed. The same impurity for the 

contact junction region 107 is also doped into the gate 
electrode 104 by the ion implantation into the contact 
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junction region 107. 

As shown in FIG. 21C, in order to activate the ion 
doped into the contact junction region 107 and the gate 
electrode 104, an activation process is carried out at 
5 a temperature not lower than 1000°C. That such a high 

temperature is required is because depletion of the 
gate is suppressed. This heat treatment forms an 
extension region 108 which is deeper than the extension 
region 105. 

10 As shown in FIG. 21D, using silicide technology, 

a silicide layer 109 made of Co, Ni, or the like is 
formed on a surface of the contact junction region 107 
and a top surface of the gate electrode 104, on which 
silicon is exposed. 

15 The MOSFET element referred usually to as silicide 

gate is completed by the above-described process. The 
conventional method of manufacturing the MISFET and its 
problem will be described below referring to FIGS. 22 
to 25. FIG. 22 is a concentration distribution of As 

20 in a depth direction of a silicon wafer which the ion 

implantation of As (arsenic) has been carried out in an 
extremely shallow portion, and FIG. 23 is a concentra- 
tion distribution of B in the depth direction of the 
silicon wafer which the ion implantation of B (boron) 

25 has been carried out in the extremely shallow portion. 

FIGS. 24A and 24B are enlarged views showing an edge of 
the gate electrode of the semiconductor substrate in 
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which the MISFET is formed. FIG. 25 is a sectional 
view of the MISFET in which the extension regions are 
connected between the source region and the drain 
region. 

5 One of the problems concerning the miniaturization 

of the MOSFET is that the extension region 105, which 
is the shallow junction, is deepened by the heat 
treatment not lower than 1000°C. FIGS. 22 and 23 are 
the concentration distributions of As and B in the 

10 depth direction of the silicon wafer which the ion 

implantation of As and B have been carried out in the 
extremely shallow portion, respectively. In these 
cases, the concentration distribution is compared 
before and after the heat treatment at 1085°C. As can 

15 be seen from FIGS. 22 and 23, in the case that only the 

heat treatment at 800°C for several seconds is carried 
out, even if the current ion implantation technology is 
adopted, it is found that the junction of about 10 nm 
is formed. Junction depth is a position where the 

20 concentration of As or B becomes equal to channel 

concentration. The channel concentration is the 
region where the concentration is in the range from 
about 1 X 10 18 /cm 3 to about 1 X 10 19 /cm 3 in the case 
that gate length is not more than 50 nm. However, in 

25 the case of the heat treatment at 1085°C, it is found 

that the junction depth of boron becomes about 30 nm. 
FIGS. 24A and 24B are the enlarged views showing 
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the edge of the gate electrode of the semiconductor 
substrate in which the MOSFET is formed. FIGS. 24A and 
24B show states of the extension region 105 before the 
heat treatment not lower than 1000°C and the extension 
5 region 108 which has been deepened after the heat 

treatment. The extension region 108 also extends in a 
lateral direction at the same time the extension region 
108 is deepened after the heat treatment. That the 
extension region 108 extends in the lateral direction 

10 is because a high concentration region 110 not lower 

than 1 X 10l9/cm 3 becomes a diffusion source. Usually 
the amount of lateral extension is about two-third in 
the depth (A) direction (AX2/3) . Estimating the 
amount of extension from FIG. 22, it is found that the 

15 extension region laterally extends not lower than 20 nm 

as shown in FIG. 24B. Therefore, as shown in FIGS. 25, 
when the gate length becomes not more than 4 0 nm, the 
extension regions are connected between the source and 
the drain and operation of the MOSFET can no longer be 

20 realized. 

Thus, in order to prevent the extension regions 
from connecting, there is known a technology which cuts 
off the connection of the extension regions by ion- 
implanting a reversely conductive type impurity into 

25 the extension region (for example, a p-type impurity is 

ion-implanted in the case that the extension region is 
the n-type) to decrease substantially impurity 



concentration and by reducing the extent of the region 
acting as the extension region. However, this 
technology not only complicates the process but also 
results in degradation of transistor performance, so 
that it is an undesired method. 

BRIEF SUMMARY OF THE INVENTION 
A semiconductor device according to an aspect of 
the present invention comprises: a semiconductor 
substrate having a recess whose depth is not more than 
6 nm; a source region and a drain region which are ■ 
formed in a surface region of the semiconductor 
substrate so as to sandwich the recess, each of the 
source region and the drain region being constituted 
of an extension region and a contact junction region; 
a gate insulating film formed between the source region 
and the drain region in the semiconductor substrate; 
and a gate electrode formed on the gate insulating 
film. 

In a semiconductor device according to an aspect 
of the present invention, a plurality of MIS 
transistors comprising a semiconductor substrate, 
a source region and a drain region which are formed 
in a surface region of the semiconductor substrate, 
each of the source region and the drain region being 
constituted of an extension region and a contact 
junction region, a gate insulating film formed between 
the source region and the drain region in the 
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semiconductor substrate, and a gate electrode formed on 
the gate insulating film are formed, and the source 
region and the drain region of a part of the plurality 
of MIS transistors are formed so as to sandwich the 
5 recess which is formed in the semiconductor substrate 

and whose depth is not more than 6 nm. 

A method of manufacturing a semiconductor device, 
according to an aspect of the present invention, 
comprises: forming a dummy gate insulating film on 

10 a semiconductor substrate, and forming a dummy gate 

electrode on the dummy gate insulating film; carrying 
out ion implantation of an impurity into a surface 
region of the semiconductor substrate by using the 
dummy gate insulating film and the dummy gate electrode 

15 as a mask, and forming an extension region; forming 

a gate sidewall insulating film on side faces of 
the dummy gate insulating film and the dummy gate 
electrode; doping the impurity into a surface region of 
the semiconductor substrate by using the dummy gate 

20 insulating film, the dummy gate electrode and the gate 

sidewall insulating film as a mask to form a contact 
junction region, and forming a source region and 
a drain region which are constituted of the contact 
junction region and the extension region; forming 

25 an interlayer insulating film on the semiconductor 

substrate so as to cover the dummy gate insulating 
film, the dummy gate electrode, and the gate sidewall 
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insulating film; polishing the interlayer insulating 
film until a surface of the dummy gate electrode is 
exposed, and planarizing the surface; removing 
selectively the dummy gate insulating film and the 
5 dummy gate electrode to form a gate opening region 

in the interlayer insulating film; forming a recess on 
the surface region of the semiconductor substrate by 
oxidizing the surface of the semiconductor substrate 
which is exposed on a bottom portion of the gate 

10 opening region and by removing selectively the oxidized 

part; insulating the surface of the recess in a bottom 
surface of the gate opening region to form a gate 
insulating film; and burying a gate electrode material 
in the gate opening region to form a gate electrode. 

15 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF . THE DRAWING 

FIGS. 1A to 1J are sectional views of a process of 
manufacturing a MISFET having a gate electrode made of 
polysilicon according to a first embodiment of the 
invention; 

20 FIG. 2 is a perspective view of the MISFET shown 

in FIG. 1J; 

FIGS. 3A and 3B are plan views of a semiconductor 
substrate in which a part including an end of the gate 
electrode is enlarged before and after heat treatment, 
25 for explaining operation-ef f ect in the first embodiment 

of the invention; 

FIGS. 4A to 4D are sectional views of a process 



9 - 



of manufacturing a MISFET having a gate electrode made 
of metal according to a second embodiment of the 
invention; 

FIG. 5 is a plot showing dependence of a threshold 
5 on a gate length in a semiconductor device of the 

invention; 

FIGS. 6A to 6C are sectional views showing 
a method of manufacturing a MISFET according to a third 
embodiment of the invention; 
10 FIGS. 7A to 7C are sectional views showing the 

method of manufacturing a MISFET according to the third 
embodiment; 

FIGS. 8A to 8C are sectional views showing the 
method of manufacturing a MISFET according to the third 
1 5 embodiment ; 

FIGS. 9A to 9C are sectional views showing the 
method of manufacturing a MISFET according to the third 
embodiment; 

FIGS. 10 A to 10C are sectional views showing the 
20 method of manufacturing a MISFET according to the third 

embodiment; 

FIGS. 11A to 11C are sectional views showing the 
method of manufacturing a MISFET according to the third 
embodiment; 

25 FIGS. 12A to 12C are sectional views showing the 

method of manufacturing a MISFET according to the third 
embodiment ; 



FIGS. 13A to 13C are sectional views showing the 
method of manufacturing a MISFET according to the third 
embodiment; 

FIGS. 14A to 14C are sectional views showing the 
method of manufacturing a MISFET according to the third 
embodiment; 

FIGS. 15A to 15D are sectional views showing 
a method of manufacturing a MISFET according to 
a fourth embodiment of the invention; 

FIGS. 16A to 16D are sectional views showing 
the method of manufacturing a MISFET according to the 
fourth embodiment; 

FIGS. 17A to 17D are sectional views showing the 
method of manufacturing a MISFET according to the 
fourth embodiment; 

FIGS. 18A to 18D are sectional views showing the 
method of manufacturing a MISFET according to the 
fourth embodiment; 

FIGS. 19A to 19D are sectional views showing the 
method of manufacturing a MISFET according to the 
fourth embodiment; 

FIGS. 20A to 20D are sectional views showing the 
method of manufacturing a MISFET according to the 
fourth embodiment; 

FIGS. 21A to 21D are sectional views of a process 
showing a method of manufacturing a conventional 
semiconductor device ; 
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FIG. 22 is a plot of an inside of the semicon- 
ductor substrate, for explaining a problem of the 
method of manufacturing the conventional semiconductor 
device; 

5 FIG, 23 is a plot of the inside of the semicon- 

ductor substrate, for explaining the problem of the 
method of manufacturing the conventional semiconductor 
device; 

FIGS. 24A and 24B are partially sectional views of 
10 the semiconductor substrate, for explaining the problem 

of the method of manufacturing the conventional 
semiconductor device; and 

FIG. 25 is a partially sectional view of the 
semiconductor substrate, for explaining the problem 
15 of the method of manufacturing the conventional 

semiconductor device. 

DETAILED DESCRIPTION OF THE INVENTION 
Referring to the accompanying drawings, 
embodiments of the invention will be described below. 
20 (First Embodiment) 

FIGS. 1A to 1J are sectional views of a process of 
manufacturing a MISFET having a gate electrode made of 
polysilicon, and FIG. 2 is a perspective view of the 
MISFET shown in FIG. 1J. A method of forming a MISFET 
25 in the embodiment is shown in order of process. The 

reason why such a process is applied will be described 
after description of the forming method. In STEP 1 
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shown in FIG. 1A, element isolation regions 2 are 
formed in a surface region of a semiconductor substrate 
1 such as silicon by the STI technology or the like, 
and then an oxide film of a dummy gate which is removed 
5 later is formed. Then, for example, a polysilicon film 

is formed as an electrode material of the dummy gate 
which is removed later. A dummy gate electrode 4 and 
a dummy gate insulating film 3 are formed by carrying 
out gate formation to the polysilicon film and the 

10 oxide film. The dummy gate insulating film 3 may have 

a thickness of about 6 nm. Though an extremely thin 
film having the thickness of about 1.0 nm is required 
for the conventional gate isolation, this process does 
not require such an extremely thin film because the 

15 process uses the dummy. Accordingly, the gate 

insulating film which becomes a stopper has the 
thickness of as thick as 6 nm, so that the gate forming 
of the polysilicon film is very easy to carry out, as 
compared with the prior art. Similarly to the prior 

20 art, using the ion implantation technology, an 

extension region 5, a gate sidewall insulating film 6, 
and a contact junction region 7 are formed. 

After the ion implantation, the heat treatment 
at about 800 is carried out for, at most, recovering 

25 the crystal. This enables the depth of the extension 

region to be formed not more than 10 nm. For example, 
the semiconductor substrate is n-type and the extension 
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region is p-type . 

STEP 2 will be described below referring to 
FIG . IB. In STEP 2, an interlayer insulating film is 
formed on the dummy gate electrode. For example, a 
5 liner silicon nitride film (SiN) 8 and a silicon oxide 

film (SiC>2) 9, which become an etching stopper later, 
are deposited in order as the interlayer insulating 
film. 

STEP 3 will be described below referring to 

10 FIG. 1C. In STEP 3, the liner silicon nitride film 

(SiN) 8 and the silicon oxide film (S1O2) 9, which 
constitute the interlayer insulating film, are polished 
by a CMP (Chemical Mechanical Polishing) technology or 
the like. Until the dummy gate electrode 4 is exposed, 

15 the polishing is carried out to planarize the surface 

of the interlayer insulating film. 

STEP 4 will be described below referring to 
FIG. ID. In STEP 4, the dummy gate electrode 4 exposed 
from the interlayer insulating film is selectively 

20 removed. The removal is easy to carry out, e.g. 

adopting an etching method using plasma. Then, the 
dummy gate insulating film 3 is removed by using acid 
such as dilute hydrofluoric acid. Accordingly, the 
surface of a channel region of the semiconductor 

25 substrate 1 is exposed. In the interlayer insulating 

films 8 and 9, marks of the dummy gate electrode and 
gate oxide film are formed as a gate opening groove 10. 



STEP 5 will be described below referring to 
FIG. IE. In STEP 5, the surface of the channel region 
exposed on a bottom surface of the gate opening groove 
10 is oxidized. The surface of the channel region is 
oxidized with plasma oxygen to form a plasma oxide 
film 11. The amount of oxidization may be the film 
thickness of the order of 12 nm. The oxidizing 
temperature is not more than 600°C, preferably it is 
not more than 500°C. 

STEP 6 will be described below referring to 
FIG. IF. In STEP 6, the plasma oxide film 11 is 
removed. The plasma oxide film 11 formed on the 
surface of the channel region is selectively removed, 
e.g. by using dilute hydrofluoric acid. Accordingly, 
the surface of the channel region is recessed to form a 
recessed channel 12. The depth of the recessed channel 
region (hereinafter referred to as recess quantity) is 
half of the film thickness of the plasma oxide film 11. 
Therefore, the recess quantity is about 6 nm in the 
recessed channel 12 . 

STEP 7 will be described below referring to 
FIG. 1G. In STEP 7, the gate electrode and the gate 
insulating film are formed. A gate insulating film 13 
is formed with a silicon oxide-nitride film in which 
the oxide film having the thickness of about 1.0 nm is 
formed, e.g. by the plasma oxidation and then the 
surface of the oxide film is nitrided, e.g. by plasma 
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nitrization. Since all the films are formed by the 
process using the plasma, it is possible to form the 
film at a temperature not more than 600°C. Then, the 
gate electrode material is buried in the gate opening 
5 groove 10 to form a gate electrode 14. For example, 

there is a burying method in which the gate electrode 
material is deposited over the semiconductor substrate 
1 and the film of the gate electrode material is 
planarized by CMP or the like. In the embodiment, 

10 polysilicon is used as the gate electrode material. 

In the embodiment, metal or its alloy, a mixture of 
silicon and germanium, and the like may be used as the 
gate electrode material. 

STEP 8 will be described below referring to 

15 FIG. 1H. In STEP 8, the heat treatment is carried out 

to the formed gate electrode. The gate electrode 
material is polysilicon in the embodiment. Since the 
gate electrode 14 is polysilicon, the impurity such 
as arsenic (As) , phosphorus (P) , or boron (B) is 

20 introduced into the gate electrode 14 by the ion 

implantation. Then, activation heat treatment is 
carried out at a temperature not lower than 1000°C in 
order to activate the impurity doped into the gate 
electrode 14. The extension region 5 is also deepened 

25 by the heat treatment and an extension region 15 having 

the deeper diffusion depth is formed. 

STEP 9 will be described below referring to 
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FIG. II. In STEP 9, the interlayer insulating film 9 
is selectively removed, e.g. by using hydrofluoric 
acid. Then, the surface of the contact junction region 
7 is exposed in such a manner that anisotropic etching 
5 such as RIE (Reactive Ion Etching) is carried out to 

the liner silicon nitride film 8. 

STEP 10 will be described below referring to 
FIG. 1J and FIG. 2. FIG. 2 is a perspective view of 
the MISFET shown in FIG. 1J. In STEP 10, using the 

10 silicide process, a silicide layer 16 made of Co, Ni, 

or the like is selectively formed on the upper surfaces 
of gate electrode 14 and the contact junction region 7, 
on which silicon is exposed. 

The MISFET, which is the semiconductor device 

15 according to the first embodiment, is formed through 

the above-described steps. As described in STEP 5 and 
STEP 6, the embodiment is characterized by forming the 
recessed channel. The recessed channel means the 
channel region in which the recess is provided in the 

20 semiconductor substrate under the gate electrode. 

Though the recessed channel has been proposed (see 
the concave type MISFET described above) , there is a 
basic difference between the embodiment and the prior 
art. First the embodiment uses the plasma oxide film. 

25 In the prior art, there has also been proposed the 

method in which the oxide film is formed with the 
thermal oxide film and the etching is carried out to 



the oxide film. However, in this method, since the 
treatment at a temperature at least 700°C for more than 
several minutes is required in order to form the oxide 
film having the thickness of 12 nm, there is the 
problem that the impurity in the extension region is 
diffused through this heat treatment and the extension 
region is deepened . 

On the contrary, as shown in the embodiment, since 
the plasma oxidation is used, the oxidation temperature 
is as low as 600°C and the impurity of the extension 
region is never diffused during the oxidation. Though 
the recess quantity of the channel region is half of 
the thickness of the oxide film, since the thickness 
of the plasma oxide film can be currently controlled 
within an error range not more than 0.2 nm in a wafer 
surface, the error of the recess quantity of the 
channel region can be controlled not more than 0.1 nm, 
so that the transistor in which variation of threshold 
is very small in the wafer surface can be formed. 

The above is a first operation-effect described in 
the first embodiment and a point different from the 
conventional semiconductor device having the recessed 
channel . 

Next another operational-effect superior to the 
conventional semiconductor device will be described. 

FIGS. 3A and 3B are plan views in which a part 
including an end of the gate electrode is enlarged in 
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STEP 7 and STEP 8, respectively. FIG. 3A shows a part 
of the extension region before the heat treatment, and 
there is a high-concentration diffusion region 17 
(corresponding to reference numeral 110 in FIGS. 8A to 
5 8C, FIGS. 9A to 9C, and FIGS. 10A to 10C) within the 

extension region 5 in the surface region of the 
semiconductor substrate 1. The depth of the extension 
diffusion layer 5 shown in FIG. 3A is not more than 
10 nm before the activation heat treatment for the 

10 gate electrode is carried out at a temperature 

not lower than 1000°C in STEP 8. In the prior art, 
by carrying out the heat treatment at 1000°C, the 
high-concentration diffusion region 17 not lower than 
1 X lO^^/cm^ becomes the diffusion source of the 

15 lateral diffusion, which allows the extension region 5 

to laterally spread not lower than 20 nm. Since the 
amount of lateral diffusion is about two-third of the 
amount of diffusion in the depth direction, the amount 
of diffusion in the depth direction is about 30 nm. 

20 However, the channel region is recessed by the 

depth of the high-concentration diffusion region (about 
6 nm) in the embodiment. Accordingly, as shown in 
FIG. 3B, the high-concentration diffusion region 17 can 
not be directly diffused in the lateral direction. 

25 FIG. 3B shows a part of the extension region after the 

heat treatment. The extension region 15 after the heat 
treatment not lower than 1000°C is remarkably decreased 
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in the lateral diffusion, as compared with the prior 
art. That is, as shown in FIG. 3B, the amount of 
lateral diffusion is sufficiently smaller than about 
two-third of the amount of diffusion in the depth 
5 direction (A) (« 2A/3) . In other words, the amount of 

lateral diffusion is sufficiently smaller than 20 nm. 

The above is a second operation-effect described 
in the first embodiment. 

In the conventional method of forming a MISFET 

10 having a recessed channel, there is a report in which 

the whole depth of the extension diffusion layer is 
recessed, and the recess quantity is at least 10 nm in 
the concave type MISFET described in the prior art. 
However, the MISFET in the embodiment completely 

15 differs from the MISFET described in the prior art. 

That is, the recess quantity of the channel region may 
be recessed by only the depth of the high-concentration 
diffusion region 17 not lower than 1 X lO^^/cm^ in the 
extension region before the heat treatment not lower 

20 than 1000°C. 

It is not absolutely necessary to recess the whole 
depth of the extension region, and the extension region 
must be one before carrying out the heat treatment, 
such as the heat treatment not lower than 1000°C, in 

25 which the depth of the high-concentration diffusion 

region in the extension region becomes not lower than 
6 nm. That is, in the case that the channel region is 
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recessed after the heat treatment not lower than 1000°C 
is carried out, the extension regions have been already 
connected between the source and the drain as shown in 
FIG. 25 of the conventional example, the transistor 
5 operation is not realized any more, even if the channel 

region is recessed by about 6 nm. The embodiment 
differs from the conventional method in this point. In 
the conventional method, the channel region is recessed 
after the extension region is completely formed. 

10 In the embodiment, the heat treatment such as the 

heat treatment not lower than 1000°C, which deepens the 
extension region, is carried out after the channel 
region is recessed. The channel region may be recessed 
after the heat treatment, in the case that even the 

15 heat treatment not lower than 1000°C is carried out for 

extremely shot time in which the extension region is 
not deepened. 

Further, the embodiment is characterized in that 
the channel region is recessed by the depth of the 

20 high-concentration diffusion region while the depth of 

the high-concentration diffusion region, which is not 
lower than 1 X lO^/cm^ and preferably not lower 
than 1 X lol^/cm^, j Ln -(-he extension region is not more 
than 6 nm and preferably in the range of 2 to 6 nm. 

25 Accordingly, the extension region 15 formed in the 

embodiment differs from the extension region of the 
conventional example in the two-dimensional spread of 
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the diffusion of the impurity. A spreading manner can 
not be generally defined because the spreading manner 
is varied by conditions of the ion implantation and 
the like. However, it is possible to easily know 
5 difference between the embodiment and the conventional 

example by simulation or the like. In brief, the 
extension region located under the gate electrode is 
formed in such a manner that the impurity in the high- 
concentration diffusion region located beside the gate 

10 electrode is mainly diffused. Consequently, a shape of 

the spreading manner is naturally determined. That is, 
the extension region located under the gate electrode 
has the shape sufficiently smaller than about two-third 
of a distance in the depth direction of the extension 

15 region. In a channel length, it is possible to secure 

the sufficient length for maintaining the transistor 
characteristics even if the miniaturization further 
proceeds. In the method, which is used for the 
conventional concave type transistor described above 

20 and forms the recessed channel by the thermal oxidation 

treatment and the etching, since the impurity of the 
high-concentration diffusion region in the extension 
region is thermally diffused at the time when the 
thermal oxidation is carried out, it is impossible to 

25 form the impurity diffusion region like the embodiment. 

In summary, advantages of the embodiment are as 
follows . 



1) The method of recessing the channel region is 
to remove the plasma oxide film in the channel region 
by the oxidation, which uses the oxidizing technology 
with the plasma oxygen at a temperature not more than 
600°C and preferably not more than 500°C, and the wet 
etching technology . 

2) In the recess quantity of the channel region, 
the channel region may be recessed by only the depth of 
the high-concentration diffusion region, which is not 
lower than 1 X 10 19 /cm 3 and preferably not lower than 

1 X 10 18 /cm3, in the extension region. The specific 
recess quantity of the channel region is not more than 
6 nm and preferably in the range from 2 nm to 6 run. 
The heat treatment is carried out so that the depth 
of the high-concentration diffusion region in the 
extension region becomes at least not more than 6 nm 
and preferably in the range from 2 nm to 6 nm at 
the time when the channel region is recessed. 
Specifically, in the extension region, the heat 
treatment should be carried out at a temperature utmost 
about 800°C for not more than several minutes, or the 
heat treatment should keep the short time such that the 
depth of the high-concentration diffusion region not 
lower than 1 X 10 19 /cm 3 becomes not more than 6 nm and 
preferably in the range from 2 nm to 6 nm even in a 
temperature not lower than 1000°C, until the channel 
region is recessed. After the channel region is 
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recessed, there is no problem even if the heat 
treatment in which the depth of the high-concentration 
diffusion region becomes not lower than 6 nm is carried 
out . 

5 3) The extension region located under the gate 

electrode is sufficiently smaller than about two-third 
of the distance in the depth direction of the extension 
region . 

Though the above is the description of the 

10 advantages of the embodiment, in the method of 

recessing the channel region, the semiconductor 
substrate may directly etched by dry etching or wet 
etching instead of the plasma oxidation. Though the 
method of recessing the channel region has been already 

15 proposed, the embodiment differs from the conventional 

method in the above-described 2). 

The polysilicon gate is used in the embodiment. 
However, the gate electrode made of the mixture of 
silicon and germanium may also exert the same effect. 

20 Further, the same effect is exerted in the metal 

gate which does not require the heat treatment for 
activating the impurity in the gate electrode. Because 
the impurity is not sufficiently activated and the 
junction is too shallow in the extension region before 

25 the heat treatment not lower than 1000°C is carried 

out, sheet resistance of the extension region is too 
high and high-performance of the transistor can not be 



achieved. That is, the high-performance of the 
transistor can be achieved, when the impurity in the 
extension region is further activated and the extension 
region is deepened to a certain extent to reduce the 
resistance of the extension region. In the embodiment, 
even if the extension region is deepened, the lateral 
diffusion can be remarkably suppressed, so that there 
is no problem even if the heat treatment not lower than 
1000°C is carried out to deepen the extension region to 
a certain extent. Accordingly, in the metal gate, 
there is no problem in the transistor characteristics, 
even if the heat treatment is carried out after at 
least the channel is recessed so that the extension 
region becomes not lower than 20 nm. 

(Second Embodiment) 

A second embodiment of the invention will be 
described below referring to FIGS. 4A to 4D. 

FIGS. 4A to 4D are sectional views of a process 
of manufacturing a MISFET having a gate electrode made 
of metal. Complementary transistors, which include 
an n-type MISFET and a p-type MISFET, will be described 
in the second embodiment. When the complementary 
transistors are formed, since the process to which 
the gate electrode material such as WSix is buried 

(FIG. 4A) is the same for the first embodiment until 
the process of FIG. 1H, the description is omitted. 
By this time the heat treatment not lower than 1000°C 



(after forming the recess or after forming the gate 
oxide) has been carried out to the semiconductor 
substrate in order to reduce the resistance of the 
source/drain region, so that a deep extension region 30 
is formed in FIG. 4A. 

In FIG. 4A, the left side of FIG. 4A is the n-type 
MISFET and the right side is the p-type MISFET. Both 
MISFETs have the source/drain region including the 
deep extension region 30 after the heat treatment and 
a contact junction region 27, which are formed in an 
element region separated by element isolation regions 
22 formed in a semiconductor substrate 21 such as 
silicon by the STI technology or the like. A gate 
electrode 24 made of a material such as WSix is buried 
in an interlayer insulating film 26 made of a silicon 
nitride film and a silicon oxide film. A recess, in 
which a part of the gate electrode is buried, is formed 
in a channel region of the semiconductor substrate 21, 
and a gate insulating film 23 is interposed between the 
semiconductor substrate 21 and the gate electrode 24. 

As shown in FIG. 4B, a Pt film 28 covering the 
gate electrode 24 is formed on the semiconductor 
substrate 21. On the side of the n-type MISFET, a 
barrier layer 29 made of, e.g. TiN is further formed 
between the gate electrode 24 and the Pt film 28. 
Then, a barrier layer 25 made of a material such as TiN 
having the thickness of about 20 nm is formed in the Pt 
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film 28 so that the heat treatment is stably carried 
out . 

The heat treatment is carried out to the 
semiconductor substrate 21 at a temperature of about 
5 500°C after covering the Pt film 28 and the like. 

As shown in FIG . 4C, the gate electrode 24 on the side 
of the P-type MISFET is reacted with the Pt film by the 
heat treatment and changed into a gate electrode 31 
made of W+PtSi+WSix. On the side of the n-type MISFET, 

10 since the barrier layer 29 blocks the reaction of Pt 

and WSix, the gate electrode 24 exists as it is. 

As shown in FIG. 4D, the Pt film and the TiN 
barrier layer are removed by using, e.g. aqua regia. 
Then, a post-process is carried out. In the above- 

15 described way, the complementary MISFET having the 

metal gate is formed. 

Thus, the technique described in the embodiment 
can be applied to MISFET having the metal gate. 
Also in the metal gate, there is no problem in the 

20 transistor characteristics, even if the heat treatment 

is carried out after at least the channel is recessed 
such that the extension region becomes not lower than 
2 0 nm. 

The recess quantities of the channel regions may 
25 be changed in the n-type MISFET and the p-type MISFET, 

respectively. The recess quantities of the channel 
regions can be independently changed in the n-type 



MISFET and the p-type MISFET in such a manner that, for 
example, only the dummy gate in the n-type MISFET is 
removed after STEP 3, the process is carried out in 
order to STEP 7, only the dummy gate in the p-type 
MISFET is removed, and then the process is carried out 
to STEP 7. Though it is common in a damascene process, 
the ion implantation of the impurity of the channel may 
be carried out at least after removing the dummy gate 
electrode. Further, various combinations can be 
carried out by using the technique of forming the gate 
insulating film, the technique of forming the gate 
electrode, or the like which has been already reported, 
in the case that it does not deviate from a scope of 
the embodiment . 

The transistor is manufactured by way of trial 
by the method of manufacturing a semiconductor device 
of the embodiment and its result of characteristics 
is shown. FIG. 5 is a plot showing dependence of 
a threshold on a gate length in the transistor. 
A vertical axis shows a threshold (Vth (V) ) and 
a horizontal axis shows a gate length (Lgate (nm) ) 
of the transistor. As shown in FIG. 5, it is found 
that short channel effect in which the threshold is 
decreased in the short gate length is improved, as the 
recessed depth (recess quantity) of the channel region 
is increased from 2 nm to 6 nm. When the recess 
quantity is 6 nm, the good transistor characteristics 



are shown even in the gate channel of 35 nm. The 
transistor is naturally formed by using the current ion 
implantation technology and activation heat treatment 
technology. It is found that the gate length of 15 nm 
can be also operated in the case that the heat 
treatment is slightly improved (specifically, in the 
case that the heat treatment not lower than 1000°C is 
shortened) . 
(Third Embodiment) 

Since the manufacturing method which avoids the 
problem in the prior art is invented, its contents will 
be described in the order of the process. 

A third embodiment of the invention provides 
a technique realizing a structure, in which a DRAM and 
a peripheral circuit are formed with a MISFET having 
a thick gate oxide and a polysilicon gate electrode and 
only a high-speed logic circuit is formed with a MISFET 
having a high dielectric gate insulating film and a 
recessed channel capable of forming a shallow junction. 

The third embodiment will be described referring 
to FIGS. 6A to 14A, FIGS. 6B to 14B, and FIGS. 6C to 
14C. FIGS. 6A to 14A, FIGS. 6B to 14B, and FIGS. 6C to 
14C are sectional views showing the method of manufac- 
turing a MISFET according to the third embodiment of 
the invention. FIG. nA shows a DRAM, FIG. nB shows 
a peripheral circuit, and FIG. nC shows a high-speed 
logic circuit (n = 6 to 14) . 
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First, for example, a trench capacitor (not shown) 
which becomes a capacitor of the DRAM is formed in the 
silicon substrate 1 of the DRAM. As shown in FIGS. 6A 
to 6C, the element isolation region 2 is formed by 
5 using the STI technology. 

As shown in FIGS. 7A to 7C, a thick gate oxide 
film 41 having the thickness of about 6 nm, which is 
used for the DRAM and the like, is formed on the 
silicon substrates 1 of the DRAM, the peripheral 

10 circuit, and the high-speed logic circuit. Then, in 

order to form the gate oxide having the thickness of 
about 3 nm, which is used for the peripheral circuit 
and the like, the thick gate oxide film 41 of the 
peripheral circuit is selectively removed by 

15 lithography technology and the wet etching technology. 

AS shown in FIGS. 8A to 8C, after removing a resist, 
a gate oxide film 42 having the thickness of about 3 nm 
is formed on the silicon substrate 1 of the peripheral 
circuit . 

20 In the prior art, though the extremely thin gate 

insulating film is further formed as the high-speed 
logic circuit, the extremely thin gate insulating film 
made of the high dielectric material is not formed in 
the embodiment. Further, since hydrofluoric acid 

25 treatment which forms a pinhole in the gate oxide films 

41 and 42 is not carried out, the problem of reduction 
of reliability is not generated in the gate oxide films 
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of the MISFET of the DRAM and the peripheral circuit. 

As shown in FIGS. 9A to 9C, the polysilicon film 
having the thickness of about 100 nm is deposited and 
processed to form a gate electrode 43. Using a gate 
5 sidewall 44, while a source/drain region 45 is formed, 

doping of the impurity is carried out into the gate 
electrode 43 by the ion implantation technology and the 
heat treatment technology. The heat treatment at this 
point is different from the prior art in which high- 

10 concentration activation is required, and the high 

temperature is not required. Since the temperature may 
be to an extent in which the crystalline character- 
istics of the silicon substrate damaged by the ion 
implantation are recovered, it is no problem when the 

15 temperature is about 600°C or more. That the high 

temperature is not required is because FLA (Flash Lamp 
Anneal) technology described in Jpn. Pat. Appln. KOKAI 
No. 2002-151428 which uses a Xe flash lamp or the heat 
treatment at high temperature for short time which 

20 adopts lamp anneal technology is carried out in the 

later step. 

As shown in FIGS. 10A to 10C, the planarization is 
carried out by depositing an interlayer film 46. Then, 
the gate electrode 43 is selectively removed only in 
25 the high-speed logic circuit, only the gate region of 

the high-speed logic circuit is opened, and a groove 47 
is formed. 
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The channel region of the bottom surface of the 
groove 47, which has emerged by the opening, is 
oxidized to an extent of 10 nm and this oxide film is 
etched with hydrofluoric acid. As shown in FIGS. 11A 
5 to 11C, this treatment results in formation of a 

recessed channel 48 having the depth of about 5 nm. 
At this point, the oxidation carried out as low as 
not more than 500°C by adopting the plasma oxidation. 
Accordingly, unlike the method carrying out the thermal 

10 oxidation at a temperature of about 800°C, there in no 

problem that the impurity in the source/drain region is 
diffused by heat during the oxidation and the diffusion 
layer is deepened. 

After a natural silicon oxide film having the 

15 thickness of about 1 nm (not shown) on the surface of 

the recessed channel 48 is removed by the hydrofluoric 
acid treatment, as shown in FIGS. 12A to 12C, a high 
dielectric gate insulating film 49 and a gate electrode 
material 50, of the high-speed logic circuit, made of 

20 polysilicon or polysilicon-germanium are deposited over 

the surface. 

Unlike the prior art, the hydrofluoric acid 
treatment can be carried out before depositing the high 
dielectric gate insulating film 49. This is because 

25 the thick gate oxide 41 of the DRAM and the gate oxide 

42 having the thickness of about 3 nm of the peripheral 
circuit are not exposed at the time when hydrofluoric 
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acid treatment is carried out. 

The ion implantation of the optimum impurity is 
carried out into at least the gate electrode regions of 
the n-type MOSFET and the p-type MOSFET of the high- 
5 speed logic circuit, respectively. Usually arsenic or 

phosphorus is the optimum impurity for the n-type 
MOSFET and boron is the optimum impurity for the p-type 
MOSFET. 

Then, the FLA treatment or the lamp anneal 

10 treatment is carried out. Unlike the prior art, since 

the whole surface of the wafer is completely covered 
with the gate electrode material 50 of the high-speed 
logic circuit, there is no problem that different 
surface states exist like the prior art and the element 

15 is destroyed. Before the FLA treatment or the lamp 

anneal treatment, an extent of an amorphous state in 
the gate electrode material 50 of the high-speed logic 
circuit may be increased by ion-implanting germanium or 
the like. This is because the activation at a higher 

20 temperature can be realized in such a manner that an 

absorption index of light is increased in irradiation 
of the FLA treatment or the lamp anneal treatment by 
increasing the extent of the amorphous state. 

As shown in FIGS. 13A to 13C, the planarization of 

25 the gate electrode material 50 is carried out to form 

the gate electrode 50 of the high-speed logic circuit. 
The gate electrode material is polysilicon in the 
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embodiment. Since the gate electrode 50 is 
polysilicon, the impurity such as arsenic (As) , 
phosphorus (P) , or boron (B) is introduced into 
the gate electrode 50 by the ion implantation. 
5 Then, activation heat treatment is carried out at 

a temperature not lower than 1000°C in order to 
activate the impurity doped into the gate electrode 50. 
The extension region is also deepened by the heat 
treatment and an extension region having the deeper 

10 diffusion depth is formed. 

As shown in FIGS. 14A to 14C, the interlayer films 
46 of the peripheral circuit (FIG. 14B) and the high- 
speed logic circuit (FIG. 14C) are removed and the 
surface of the source/drain diffusion layer 45 is 

15 exposed. For example, Ni silicide 51 is formed by 

adopting silicide technology on the source/drain 
regions 45 of the peripheral circuit and the high-speed 
logic circuit, the top surfaces of the gate electrode 
43 of the peripheral circuit and the gate electrode 50 

20 of the high-speed logic circuit, and top surface of the 

gate electrode 43 of DRAM (FIG. 14A) . Then, wiring to 
the source/drain region 45 and the gate electrode 43 is 
carried out to complete the transistor. 

In the embodiment, on fear that the capacitor of 

25 the DRAM is contaminated by metal, the Ni silicide 51 

has not been formed in the source/drain region 45 of 
the DRAM. According to demand such as high-speed DRAM, 
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for example the interlayer film 46 only on the drain 
side, which is not connected to the trench capacitor, 
is removed and the Ni silicide 51 may be formed only on 
the drain side. 

5 An the LSI circuit, in which the high dielectric 

gate insulating film 49 and the recessed channel are 
provided in only the high-speed logic circuit, and the 
high-speed logic circuit and DRAM are combined on a 
single chip, can be formed in the above-described way. 

10 In the high-speed logic circuit, the recessed channel 

is provided and the activation heat treatment of the 
impurity is carried out by the flash lamp anneal 
treatment at the higher temperature for short time or 
the lamp anneal treatment at the higher temperature for 

15 short time, so that the source/drain diffusion region 

is extremely shallow and the source/drain diffusion 
region having the low resistance is realized. Further, 
the gate electrode activated to the high concentration 
is provided, so that the transistor having the high 

20 driving force can be formed. 

The hydrofluoric acid treatment is carried out 
immediately before depositing the high dielectric gate 
insulating film 49 of the high-speed logic circuit, and 
an interfacial layer of the silicon oxide film having 

25 the thickness not lower than 1 nm does not exist 

between the high dielectric gate insulating film 49 and 
the channel unlike the prior art, so that an electric 



reduced thickness of the silicon oxide film not more 
than 1 nm can be realized. 
( Fourth Embodiment ) 

In the first embodiment, though the gate electrode 
50 made of polysilicon or polysilicon-germanium is 
buried in the high-speed logic circuit, a merit is 
obtained even if a metal gate is used as the electrode. 
It will be described in the order of the process. 

A fourth embodiment of the invention will be 
described referring to FIGS. 15A to 20A, FIGS. 15B to 
20B, FIGS. 15C to 20C, and FIG. 15D to 20D. FIGS. 15A 
to 20A, FIGS. 15B to 20B, FIGS. 15C to 20C, and 
FIGS. 15D to 20D are sectional views showing a method 
of manufacturing a MISFET according to the fourth 
embodiment of the invention. In FIGS. ISA to 20A, 
FIGS. 15B to 20B, FIGS. 15C to 20C, and FIGS. 15D to 
20D, FIG. mA shows a DRAM, FIG. mB shows a peripheral 
circuit, FIG. mC shows an n-type MOSFET of a high-speed 
logic circuit, and FIG. mD shows a p-type MOSFET of 
a high-speed logic circuit (m = 15 to 20) . 

The same steps described in the third embodiment 
using FIGS. 6A to 10A, FIGS. 6B to 10B, and FIGS. 6C to 
10C are carried out. Then, activation heat treatment 
is carried out at a temperature not lower than 1000°C 
in order to activate the impurity doped into the gate 
electrode 43. The extension region is also deepened 
by the heat treatment and an extension region having 



the deeper diffusion depth is formed. As shown in 
FIGS . 15A to 15D, after the high dielectric gate 
insulating film 49 is deposited, for example a tungsten 
silicide film 60 is formed. The tungsten silicide film 
60 has work function not more than 4.6 eV, and it is 
suitable for the gate electrode of the n-type MOSFET. 
The work function can be changed by adjusting a content 
of silicon in the tungsten silicide film 60. Further, 
the work function can be changed in such a manner that 
the tungsten silicide film 60 contains phosphorus, 
arsenic, antimony, tellurium, selenium, germanium, 
gallium, indium, or boron. According to the work 
function required for LSI, the work function can be 
controlled by the above-described technology. 

As shown in FIGS. 16A to 16D, a silicon nitride 
film 61 having the thickness of about 10 run, which 
becomes a barrier film later, is deposited. The 
silicon nitride film 61 of the p-type MOSFET of the 
high-speed logic circuit is selectively removed 
(FIG. 16D) . As shown in FIGS. 17A to 17D, a Pt film 62 
having the thickness of about 50 nm and a TiN film 63 
having the thickness of about 10 nm are formed. 

Then, the heat treatment is carried out at a 
temperature not more than 500°C. As shown in FIGS. 18A 
to 18D, in the heat treatment only the tungsten 
silicide film 60 of the p-type MOSFET of the high-speed 
logic circuit is reacted with the Pt film 62 and 
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a metal gate electrode 64 is formed. The metal gate 
electrode 64 is PtSi, W, or a mixture of them. Since 
the work function of the metal gate electrode 64 is not 
lower than 4.6 eV, the gate electrode of the p-type 
5 MOSFET of the high-speed logic circuit becomes the 

electrode of the work function suitable for the p-type 
MOSFET. 

As shown in FIGS. 19A to 19D, the planarization is 
carried out until the interlayer film 46 is exposed, 

10 the tungsten silicide film 60 is formed in the n-type 

MOSFET of the high-speed logic circuit (FIG. 19C) , and 
the metal gate electrode 64 is formed in the p-type 
MOSFET of the high-speed logic circuit (FIG. 19D) . 

As shown in FIGS. 20A to 20D, the interlayer films 

15 46 of the peripheral circuit (FIG. 20B) and the high- 

speed logic circuit (FIGS. 20C and 20D) are removed, 
and the surface of the source/drain diffusion layer 45 
is exposed. By using the silicide technology, for 
example Ni silicides 65 are formed in the source/drain 

20 regions 45 of the peripheral circuit (FIG. 20B) and the 

high-speed logic circuit (FIGS. 20C and 20D) , and on 
the top surfaces of the gate electrodes 43, 60, and 64, 
of the peripheral circuit, the high-speed logic 
circuit, and DRAM (FIG. 20A) . Then, the wiring to 

25 the source, the drain, and the gate is carried out to 

complete the transistor. 

In the embodiment, on fear that the capacitor of 
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the DRAM is contaminated by metal, the Ni silicide 51 
has not been formed in the source/drain region 45 of 
the DRAM. According to demand such as high-speed DRAM, 
for example the interlayer film 46 only on the drain 
5 side, which is not connected to the trench capacitor, 

is removed and the Ni silicide 51 may be formed only on 
the drain side. 

In the above-described way, the transistor in 
which only the high-speed logic circuit has the high 

10 dielectric gate insulating film 49 and the metal gate 

electrodes 60 and 64, and the work function of the 
metal gate 60 of the n-type MOSFET is not more than 
4.6 eV and the work function of the metal gate 64 of 
the p-type MOSFET is not more than 4.6 eV, has been 

15 able to be formed. Further, since the high dielectric 

gate insulating film 49 and metal gate electrode do not 
exist in the DRAM, the problem of metal contamination 
of the DRAM has been able to be avoided. 

In each embodiment, adopting the ion implantation 

20 technology and the activation technology which are 

similar to the conventional technology, the transistor 
in which the miniaturization further proceeds and 
higher performance is achieved can be formed. 

Additional advantages and modifications will 

25 readily occur to those skilled in the art. Therefore, 

the invention in its broader aspects is not limited to 
the specific details and representative embodiments 



shown and described herein. Accordingly, various 
modifications may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 



